Effect of ceramic powder coating on low carbon steel samples was presented. Electrostatic deposition method was used to produce ceramic coatings on low carbon steels. The coatings were fabricated over a range of temperatures (100˚C -400˚C). Detailed investigation on the corrosion behaviour, the hardness property and electrode potential of the fabricated and uncoated samples are reported. The ceramic materials used are locally available in Ondo-State Nigeria. The coating temperatures affect the rate of corrosion, the hardness property and the electrical resistivity of the coated steel sample. The sample coated at 300˚C with ceramic powder Y showed the best corrosion resistance in 0.5 M NaCl solution. The highest resistivity occurred in the sample coated at 300˚C with ceramic powder Z. All the samples coated with ceramic powder Y had better corrosion resistance in 0.5 M NaCl than the one coated by sample Z.
Introduction
There has been a lot of interest on production of advanced material for technological uses. Although, much has been done by producing new alloys with improved properties, there is a limit to the protection that can be afforded by this means alone. For this reason coatings have played an increasing role in protecting the structural metals from stress and corrosion [1] .
Coatings played an important role in corrosion control, used either alone or as part of overall strategy of corrosion control. While theoretically, coatings may be employed in a variety of ways to modify, hinder or thwart the corrosion reaction [2] . Various conventional methods such as carburizing, nitriding, electroplating are used over a century to protect tools; however, the development of the hard protective coatings in the narrower sense, started in the sixties with the discovery of chemical vapour deposition and physical vapour deposition tech-niques [3] . In recent times, modern deposition techniques such as thermal spray and laser cladding have become more popular and give large throughput in shortest possible time [4] . Thermal spraying as a convenient way has been reported by several researchers. Thermal spraying offers an effective and economic way to make the coating without affecting any other properties of the component [5] . Metal bars, wires, and sheets require protective coatings to prolong their use on exposure to service environments wherein they inevitably encounter corroding species and conditions conducive to the initiation of rust [6] . The advantage of the process of electrostatic coating is the capability to recover the little over-spray and also the procedure reduces cost. Electrostatics reduces considerably the amount of coating fluid needed for thorough protection in comparison with non-electrostatic methods. Ceramics are solid articles whose composition and essential components are inorganic non-metallic materials [7] . Inorganic coatings are applied to metals and to some other materials to protect and modify the surface properties like the resistance to abrasion, erosion, shock, oxidation, corrosion, chemical reaction, diffusion, control of hardness, texture, smoothness, lubrication, heat transfer by conduction and radiation, electrical resistance, magnetic properties, thermionic performance and heat insulation & ablation [8] . Powder coatings are widely used for protection of pipelines in oil industries. Corrosion is a major issue for the increase of service life and reliability of metallic materials [9] . The porosity of the Cr 3 C 2 -NiCr coatings as reported by authors lies in the range of 1% -3.5%, which is found to be useful in developing hot corrosion resistance in boiler tube steel [10] - [12] . The low value of porosity might be due to high kinetic energy of the powder particles. The dense coatings are supposed to provide very good corrosion resistance as compared to porous coatings, as porosities are the preferential corrosion paths through which the corrosive species can penetrate the coatings to reach the substrate and may cause rapid corrosion attack [12] - [14] . Thicker coatings permit the pass of the electrolyte due to the stresses generated during coating deposition and the corresponding crack formation between different layers. Thinner coated samples let the electrolyte go through the Coating Substrate and erosion-corrosion behaviour of coating because it is not thick enough to correctly protect the base steel. Optimization of spraying parameters and stress relaxation processes will be as important as thickness when protection of the base steel is needed with cermet coatings [15] . The effect of coating of low carbon steel by locally available ceramic materials in Nigeria was investigated.
Experimental
The steel used is a low carbon steel sheet with carbon content of 0.2 -0.3 wt% and total alloying content of 5 wt%. Two different types of ceramic material were locally sourced (ceramic powder Y coating and ceramic powder Z coating). The phase analysis of the ceramic powder was carried out using x-ray diffractometer (XRD) at Engineering Material Development Institute (EMDI) centre, Akure, Ondo State, Nigeria.
The steel used is a low carbon steel sheet with carbon content of 0.2 -0.3 wt% and total alloying content of 5 wt%. Two different types of ceramic material were locally sourced (ceramic powder Y coating and ceramic powder Z coating). The phase analysis of the ceramic powder was carried out using RC mini diffractometer MD-10, x-ray diffractometer (XRD) at Engineering Material Development Institute (EMDI) Centre, Akure, Ondo State, Nigeria.
The surface of steel was grinded to a mirror like surface using the polishing machine to provide uniform or levelled surface for deposition of ceramic powder. The chemical composition of the steel sample was determined by mass spectrometry. The Sieve analysis of the ceramic materials with sieves of 212 µm, 150 µm, 105 µm and 75 µm were carried out. Binder was first applied on the low carbon steel substrate using brush, followed by the electrostatic deposition of the ceramic powder Y and ceramic powder Z. After the coating, the powder coated products were placed in an electric oven where the coated materials and heat chemically reacts. Suitable adhesion was observed between the temperatures of 300˚C -410˚C for ceramic powder Y, while for the ceramic powder Z, the adhesion was observed at 110˚C -410˚C.
The corrosion tests were carried out by immersing the samples in 0.5 M NaCl for the period of 30 days. The electrode potential, pH, and change in weight of each sample was taken and recorded against exposure time.
Zinc electrode was used as the reference electrode. Hardness test was carried out on the material and the resistivity of the powder coated samples was also studied.
Results and Discussion
The XRD result of ceramic powder Y showed the powder to consist mainly of sodium aluminium silicate hy-droxide and sodium Beryllium Aluminium Silicate hydroxide, while ceramic powder Z consists mainly of Calcium Aluminium Silicate hydroxide and magnesium Aluminium Silicate hydroxide ( Table 1) .
The different temperatures at which the samples were coated are shown below. There were blackish spots that spread itself across the surface of the steel sheet coated with ceramic powder Y coating and the finer the ceramic materials, the easier the coating. Flat sheet with about 0.05 mm were coated. The thickness of the steel material that could be coated varied with the ceramic powder particle size, consequently flat sheet with small thickness were coated. At a temperature below 100˚C and above 400˚C the adherence of the ceramic powder Y to the surface of the steel was not observed. Also, adherence of ceramic powder Z to the surface of the steel was observed to occur only at a temperature range of 250˚C to 400˚C. 
Hardness Test
The highest hardness value for coated steel was observed at 100˚C for sample coated with Y ( Figure 4) . The higher value was because the ball of the hardness testing machine used could penetrate it easily to reach the steel, Table 1 . Phase analysis of the ceramic powder Y and Z. when compared with sample at 200˚C which shows a higher resistance hence a lower hardness value. Therefore it should be noted that the lower the hardness value, the higher the hardness of the ceramic coating. Higher values of hardness for the coatings may be due to the high density and cohesive strength of the individual splats as a result of the high impact velocity of the coating particles as suggested by Sidhu TS et al. [13] and Verdon C et al. [16] .
As the coating temperature increases, the hardness value decreases and hence an increase in the hardness properties of the ceramic coating. Putting all samples coated with the ceramic powders into consideration. The steel coated at 350˚C with ceramic powder Z had the highest hardness with the lowest hardness value. The ceramic powder coated steel at 350˚C for both Y and Z had the lowest hardness value; this showed that the ceramic powder adhered strongly to the surface of the steel.
Resistivity Determination of Ceramic Coated Steel and Uncoated Steel Sheet
Resistance of a material is directly proportional to its resistivity. The samples protected showed higher values of resistivity from 0.11 Ωm -0.39 Ωm and resistance from 1.48 Ωm -5.37 Ωm to the flow of current with respect to the uncoated sample K with 0.043 Ωm and 0.619 Ωm respectively ( Table 2) . Since the coated samples showed higher resistance to the flow of current, it implies that the rate of corrosion of the coated sample is lower than that of the uncoated sample. The higher current flow in the uncoated sample indicates a higher corrosion rate. For the sample coated at 400˚C with ceramic coating Z, higher current value was also observed which showed that the coating did not adhere much on the surface. The highest initial resistance to current was observed for the sample coated with Z. The sample coated with ceramic material Z had the highest resistance to current at 250˚C, 300˚C and 350˚C which are 5.286 Ω, 5.373 Ω and 5.094. The optimum resistance to current for samples coated with Y was observed at 200˚C being 5.238 Ω. The optimum resistance value for the samples coated with the two powders was obtained at 300˚C for sample coated with Z. The resistance and resistivity value are 5.373 Ω and 0.387 Ωm respectively.
Electrode Potential Test
The electrode potential values obtained in the course of the research work were discovered to vary with temperature. Results showed that higher positive values of electrode potential indicated higher resistance to corrosion rate [17] .
With reference to Figure 5 ; it was noted that throughout the 30 days of exposure to the 0.5 M sodium chloride solution, the electrode potential value of the steel coated at 100˚C with ceramic coating Y was high compared to the uncoated sample, the highest value being −128 mV while the lowest value being −453 mV. A maximum value of −110 mV and a minimum value of −456 mV was observed throughout the 30 days of exposure for the sample coated with ceramic coating Y at 200˚C. This value is also considerably high with reference to the uncoated sample and close to that of the sample coated at 100˚C. For the sample coated at 250˚C, the electrode potential value ranged from a maximum value of −115 mV to a minimum value of −428 mV which also signified higher resistance to the corrosion rate. The electrode potential values vary from a maximum value of −114 mV and a minimum value of −420 mV for sample coated at 300˚C. This give a narrower range when compared with other coating temperatures used. The electrode potential value falls with the range of −128 mV being the maximum value and a minimum value of −458 mV of sample coated with ceramic powder sample A. The electrode potential values were consistently high when compared with the uncoated sample. For the sample coated at 350˚C, the electrode potential value shows a maximum value of −194 mV and a minimum value of −416 mV. The values are high when compared with that of the uncoated sample but low when compared with that of the transformer steel sheet coated with ceramic coating Y. the nobler the electrode potential value the higher the corrosion resistance. The range of electrode potential values for 300˚C indicate, a higher corrosion resistance and this was observed in corrosion rate while 300˚C had the best corrosion resistance.
Effect of Different Temperatures of Coating on the Corrosion Rate of the Steel Coated with Ceramic Powder Y
The steel coated at lower temperature 100˚C -200˚C when compared with that of higher temperature 250˚C -400˚C had a lower increase in initial weight. As the coating temperature increases the initial weight after coating increases. Because of the initial absorption of the solution by the ceramic coating, the determination of the rate of corrosion in the corrosion media was not easy to determine accurately. But the decrease in weight after the initial absorption can be discovered to vary with temperature.
Steel Coated at 100˚C with Ceramic Powder Y
It was discovered that for the period of 30 days the sample coated at 100˚C maintained a weight above the initial weight of the coated sample. This was largely due to the resistant of the ceramic coating to the corrosion and partly due to the absorptive characteristic of the ceramic material. There was gradual reduction in weight with respect to the initial weight after the first day of exposure. The steel sheet coated at 100˚C has the highest hardness values with respect to the initial hardness value of the uncoated steel ( Table 2) .
The electrode potential value of the coated steel was high compared with the uncoated sample, the highest value being −128 mV while the lowest value was −453 mV. Experimental results have shown that higher positive values of electrode potential indicate higher resistance to corrosion rate [17] - [19] .
Steel Coated At 200˚C with Ceramic Powder Y
For the steel sheet coated at 200˚C the rate of weight loss was gradual and consistently above the initial weight The rate of absorption by the sample after introducing it into the corrosion media was low when compared it with sample coated at 100˚C. This is consistent with expectation because of the increase in temperature involved.
The hardness value drops with reference to the sample coated at 100˚C. A critical analysis of this result shows that the surface coating at this temperature was harder than that of the sample coated at 100˚C. The sample coated at 100˚C as a higher hardness value compared with sample at 200˚C which shows a higher resistance hence a lower hardness value. Therefore it should be noted that the lower the hardness value, the higher the hardness of the ceramic coating.
With reference to Figure 5 , the maximum value of −110 mV and a minimum value of −456 mV was observed throughout the 30 days. For the electrode potential, this value is also considerably high with reference to the uncoated sample and close to that of the sample coated at 100˚C.
Steel Coated at 250˚C with Ceramic Powder Y
For the steel sheet coated at a temperature of 250˚C the weight of the sample after 30 days was consistently above that of the initial weight of the ceramic coated steel at this temperature. This is largely due to the resistant of the ceramic coating to corrosion and also partly due to the absorptive characteristic of the ceramic material. The weight of the sample after coating rises than the sample coated at 100˚C and 200˚C. This was due to the fact that at this temperature the adherence of the ceramic material to the steel sheet that was use increased.
The hardness values drop and indicates a higher hardness of the ceramic coating. The electrode potential value also ranges from a maximum value of −115 mV to a minimum value of −428 mV which indicates a good resistance to the rate of corrosion than 200˚C.
Steel Sheet Coated at 300˚C with Ceramic Powder Y
The adherence of the ceramic material to the steel sheet increases at this temperature of coating hence the increase in weight of the sample after the 1st day of exposure. The weight of the coated sample after 30 days of exposure was higher than the initial weight after coating. A higher value of weight difference than the other temperatures of coating was observed, hence a better coating. The highest resistance to corrosion was observed at this temperature (Figure 6 ). At this coating temperature there was a sharp drop in the hardness value and hence a corresponding increase in the hardness of the ceramic coating when compared to other coating temperatures used. The electrode potential values vary from a maximum value of −114 mV and a minimum value of −420 mV. This give a narrower range when compared with other coating temperatures used. The electrode potential values were consistently nobler when compared with the uncoated sample. 
Steel Sheet Coated at 350˚C with Ceramic Material Ceramic Powder Y
A decrease in the hardness of the sample was observed after coating, hence an increase in the hardness of the ceramic coating. It could be deduced that the weight of sample E was higher than that of the initial weight of the coating for the first 20 days (Figure 6) . By comparing the weight of the sample before and after coating, it could also be discovered that the ceramic material that adhered to the steel sheet was high. But due to high temperature, after 20 days of exposure the ceramic material started peeling off. This increases the corrosion rate of the steel sheet. The electrode potential value falls with the range of −128 mV being the maximum value and a minimum value of −458 mV.
Steel Sheet Coated at 400˚C with Ceramic Material Ceramic Powder Y
By comparing the initial weight of ceramic powder Y before coating and the final weight after coating it can be seen from the table that the ceramic material that adhered to the steel sheet reduces drastically. Actually, above 400˚C ceramic coating of the steel sheet does not occur. The weight of the coated sample in the corrosion media was higher than that of the initial weight of the coated sample throughout the 30 days of observation.
Effect of Different Temperatures of Coating on the Corrosion Rate of the Steel Coated with Ceramic Powder Z
For the steel sheet coated with ceramic powder Z, the initial temperatures at which coating took place was 250˚C, 300˚C and 350˚C. Below 250˚C, the coating of the steel sheet did not occur. Unlike the ceramic powder Y, the adherence of the ceramic material to the steel sheet is not much. But also unlike the ceramic material labelled as ceramic powder Y, the entire surface of the material before and after coating maintain a uniform blackish colour throughout the period of observation.
Steel Sheet Coated at 250˚C with Ceramic Powder Z
The weight of the coated steel sheet increased for the first 8 days of exposure in the corrosion media after which the weight started dropping below that of the initial weight after coating. This was due to the absorptive characteristic of the ceramic materials. By carefully considering the column for the corrosion rate it would be discovered that the rate of corrosion was rapid (Figure 7) . The electrode potential value shows a maximum value of −194 mV and a minimum value of −416 mV. The values are high when compared with that of the uncoated samples which show a maximum of −525 mV and a minimum of −931 mV (Figure 8) . But the value is low when compared with that of the steel sheet coated with ceramic powder Y.
Steel Sheet Coated at 300˚C with Ceramic Powder Z
The weight of the ceramic material that adheres to the steel sheet at this temperature of coating is almost similar to that of the sample coated at 250˚C. For the first 12 days, it was observed that the weight of the sample was increased (Figure 7) after which the material begins to show significant increase in the rate of corrosion. The electrode potential value shows a minimum value of −125 mV which is higher than of the sample coated at 250˚C (−416 mV). This coating temperature is a better coating temperature in ceramic powder Z coating than the coating temperature at 250˚C.
Steel Sheet Coated at 350˚C with Ceramic Powder Z
It was observed that the weight of the sample within the first 12 days of exposure was high than the initial weight after coating. After the first days of exposure the rate of corrosion was rapid. At this temperature the maximum electrode potential was −146 mV while the minimum value was −629 mV.
Steel Sheet Coated at 400˚C with Ceramic Powder Z
It was observed that the initial weight of the sample before and after coating reveals that at this temperature of coating only a few particles of the ceramic material actually adhere to the steel sheet. After the first day of exposure this particles were washed away by the corrosion media. Hence the corrosion rate was high. The coating process did not adhere enough at this temperature.
Conclusions
The research work carried out on the effect of different coating temperatures on the corrosion behaviour of ceramic coated steels led to the following conclusions: 1) A new locally sourced ceramic coated substrate material which can serve as a semiconductor in electrical appliances was produced.
2) Results showed that finer samples of ceramic materials increased the ease of coating.
3) The rate of corrosion depended on the coating temperatures. 4) For ceramic powder Y, considering the corrosion result, the best coating temperature occurred at 300˚C. ) By comparing the results given by the two types of ceramic materials that were used in the course of the experimental work, the ceramic powder Z gave a better result in terms of high resistance to the flow of current and to corrosion. The optimum value for resistance to current was observed for ceramic powder Z and Y at coating temperature of 300˚C.
